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ABSTRACT:
One can extract a tremendous amount of information about the organizational and
dynamic states of molecules, in situ and in real-time, through highly sensitive and non-
invasive single particle optical probing. The highly efficient, multi-photon excited
luminescence from stabilized metal nanoclusters renders these species useful as optical
probes that can be used in detecting single particle and molecular dynamics. We generate
stable, and monodisperse samples of Ag nanoclusters as small as 1 nm in diameter, and
find that through substitution of various stabilizer molecules we can precisely tune the
size of the clusters over a 1-6 nm range of diameters, ensuring monodispersity and
stability at every stage. These clusters also exhibit highly efficient, polarized
luminescence upon two photon excitation at 800 nm and remain highly photostable, not
exhibiting the deleterious blinking that occurs with many single-molecule fluorophores.
In order to demonstrate the utility of these clusters as single-molecule probes, we track
their emission polarization over long periods in deeply supercooled liquids such as 4'-
(octahydro-4,7-methano-5H-inden-5-yliden) bisphenol dimethyl ether (ODE). Our results
suggest that these clusters can detect nanoscale dynamics with high sensitivity.
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5§ PREFACE:
Analytical devices have historically been developed in response to existing scientific
knowledge and the demands of scientific progress. Much was known theoretically about the
interaction of light with matter before geometrical optics was developed with the intent of
manipulating light through its interaction with glass and reflecting surfaces. The transmission
electron microscope (TEM) took decades to evolve to its present state as a highly prized
scientific instrument, even though the principle of imaging nanoscale crystalline solids based on
the manner in which they diffract an electron beam was one that was well articulated by the end
of the 1920s. The inexorable development of techniques to investigate both the smallest and
largest of nature’s wonders is a natural extension of the desire to enhance the precision of
knowledge and understanding through measurement.
There are two potential problems immediately associated with making measurements.
First, continuous natural processes may occur at a rate that far exceeds the sampling capabilities
of the instrument. In this case, we lose potentially crucial information on the dynamic nature of
the system under consideration. Such a scenario can be likened to obtaining a blurry picture of a
car driving past a camera lens. Clearly such “snapshots” are of no use to an experimentalist
striving after high temporal resolution. Second, microscopic or nanoscopic phenomena may be
obscured by investigation through macroscopic probes. While such an approach may be highly
sensitive towards detection of bulk properties, it almost certainly will not be sufficiently selective
at detecting and observing heterogeneous nanoscale dynamics with high spatial resolution. For
example, when stirring a cup of tea one can visualize the bulk movement of water in a spiral, but
cannot address the highly distinct and heterogeneous dynamics of individual water molecules. To
address this challenge scientists strive for a system that can allow for both real-time and selective
6observation of the unfolding of physical processes. In short, we seek both high temporal and
spatial resolution for the study of nanoscale dynamics. It is out of such motivation that the field
of single-molecule spectroscopy was born.
Single molecule detection seeks to uncover the intrinsic dynamic heterogeneity present in
nature. Human beings experience on a daily basis bulk phenomena that are at best an average
over the countless dynamic forms that matter can take at the nanoscale. We see only the tip of
the iceberg; we see only a general presentation of what lies below in the intricately organized, or
disorganized, world smaller than a human hair. Breaking through this averaging problem to
uncover at least in part the localized heterogeneities present in matter is the job of single
molecule spectroscopy1. Prof. W. E. Moerner captured the essence of our goals, saying:
“Most chemical experiments in condensed phases measure the average behavior of a huge
number of molecules, from billions to Avogadro’s Number … Complex systems such as condensed
matter or biomolecules can contain hidden heterogeneity produced by different conformational
states. Single-molecule studies allow us to explore this hidden heterogeneity because we measure
… molecule by molecule, rather than just the average over the ensemble.”
Single molecule analysis can act as a potent tool for observation of the small scale
dynamics of chemical species, and the local environmental conditions of confining media such as
polymers and supercooled liquids. It is at once clear that such single molecule techniques can be
of use not just for probing of single molecules, but also for detailed inquiry into the characteristic
conformational states that macromolecules sample2. In theory, it is perfectly plausible that
single-molecule spectroscopy could hold the key to observing in real time the folding of protein
complexes into their native 3-dimensional (3-D) conformations. This process of folding is known
7to be crucial in dictating protein function. Additionally, great strides have been made towards
observing cellular processes, such as virus uptake3, through use of fluorescent molecular tracers.
It is perfectly conceivable to exploit the small size of single fluorescent particles for ultra-
sensitive detection of environmental contaminants. Other fascinating and seminal work was
motivated by the fact that little is known directly concerning reaction dynamics, because rate
laws belie the complex bonding and alignment events that occur simultaneously during the short
course of a reaction. It is common to propose reaction mechanisms as an aid to understanding the
pathways a reaction takes towards completion, but it is known that a mechanism can never be
proved. Again, single molecule spectroscopy can help at least determine the cascade of
molecular events that takes place to prepare species for the bond making and bond breaking
processes that constitute chemical reactions.
Despite the relative youth of single-molecule spectroscopy, a tremendous body of work
and knowledge has been developed, particularly in the use of fluorescent species as single-
molecule probes. We depart from this approach rather dramatically by proposing the use of
luminescent single metallic nanoclusters as the fluorophores in single-particle spectroscopy. The
motivation for such a departure will become clear as we provide the full argument for the
proposed rationale. The work proceeds self-consistently, developing all of the necessary theory
and experimental processing required to establish a stable and workable system for the study of
the single-particle dynamics of metallic nanoclusters.
8§ Ia. INTRODUCTION:
Nanoscience is the branch of science concerned with the study of the unique properties
that matter exhibits as it approaches sizes comparable to the molecular scale. These unique
properties can be optical, electronic, or dynamic in nature, and are all, in one way or another, a
consequence of small size and the quantization of certain physical processes. Fascinating things
occur at the nanoscale, and it is no surprise that scientists and technologists alike turn to
nanoscience out of fundamental curiosity, and a desire to harness this knowledge to build
socially beneficial devices that can tackle the most pressing problems of health, environment,
and energy.
Nanoparticle work constitutes a long-standing field with syntheses, analyses, and
applications already having been proposed and executed4,5. A nanoparticle is most often a
spherical or pseudo-spherical metallic particle whose diameter may be in the range of 10-100
nm. In contrast, most molecules are on the scale of 0.5-2 nm.
Figure 1.1 – Physical constants and parameters for small silver particles.
Although a loosely accepted term referring to ultra-small collections of metallic atoms
bound together, a metallic nanocluster shall refer in this work to a metallic species consisting of
~10-50 atoms and having an average diameter of 1 nm. It has been mentioned that at such length
scales, size effects contribute to interesting physical properties. Figure 1.1 contains some
representative data for a Ag particle, and amongst these one must have his attention drawn to the
particle volume and surface area values. One can clearly observe that a particle of 5 nm diameter
9has a surface area to volume ratio of r =  1.2 and a particle of 1 nm diameter has r =  6.1. This
effectively means that more surface area is available per unit volume of the particle at smaller
and smaller particle sizes. This size effect is crucial and is in fact the key to appreciating the
origin of the unique opto-electronic properties that nanoclusters exhibit.
One can imagine the following. Treat a nanocluster as an idealized solid sphere with a
layer of electrons on the surface. Oscillations of this “electron cloud” are termed plasmons, and it
turns out that such a collective consideration of electrons is in fact quantum mechanically
appropriate. Noticing that these electrons are spread uniformly on the surface of the nanocluster,
one can immediately appreciate how important it is for nanoparticles and nanoclusters to have a
large surface area available for these electrons to occupy. The combination of increasing surface-
area-to-volume ratios and smaller circumferences leads to the unique opto-electronic properties
of small metallic nanoparticles and nanoclusters. Again, we see a manifestation of size effects.
Thus, we see that matter at the nanoscale behaves uniquely because of quantum
mechanical phenomena that dominate and are not obscured by bulk averaging. Therefore, a
natural extension of harnessing this unique behavior is to have a system that is sufficiently
sensitive to probe such length scales. This again implies single-particle spectroscopy as an
answer to investigating these unique systems.
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§ Ib. MOTIVATION AND OUTLINE:
There are those who dream of one day building on the nanoscale. Human expertise and
technology can accurately, reproducibly, and efficiently sculpt structures and workable devices
to within approximately 1 µm dimensions. Perhaps the best example of this exists in the
processor and wafer manufacturing industry, where companies regularly produce large-scale
quantities of small circuits. As a response to increasing technological demand for
miniaturization, researchers and engineers alike are looking, ironically, to the nanoscale for room
to expand. Nanoclusters and nanoparticles are both obvious candidates as structural precursors
for larger-scale nanodevices.
More important, however, to the motivation of this work are the various physico-
chemical phenomena and challenges associated with using nanoclusters as the optical probes in
single particle detection. Along the way to developing the rationale we make many useful and
interesting discoveries.
First, we must understand fundamentally that nanoclusters occupy an interesting length
scale regime that serves as a transitional state between the averaged bulk we observe every day
and the discrete quantized atomic state. This “middle ground” is of tremendous physical
importance because of the size quantization, collective electronic transitions, and chemistry that
these nanoclusters are predisposed to. Thus, nanoclusters are small enough to exhibit properties
unique from the bulk, yet large enough that one need not be concerned with manipulating
individual atoms.
Second, there are great challenges to be overcome when studying nanoclusters. For many
decades, syntheses have existed that are neither particularly good at producing ultra-small
nanoclusters nor facile to execute. Therefore, this work was first introduced to, and solved the
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challenge of synthesizing large amounts of metallic nanoclusters. As important as the nature of
the matter is its response to electromagnetic radiation. This work discusses the unique and
specific optical responses of nanoclusters and reconciles new experimental results with previous
theory. Specifically, we observe novel emissive properties of nanoclusters due to multi-photon
absorption and provide some theoretical basis for this photoinduced event. In short, this work is
motivated by the contribution it can make to the nanocluster community by way of preparing
nanoclusters and inducing them to luminesce through novel pathways.
Ultimately, however, this work culminates in the use of these nanoclusters in single-
particle imaging and analysis. The work proceeds self-consistently towards developing a system
whereby single-particle dynamics can be probed realistically. This is achieved by exploiting the
luminescent metallic nanoclusters as fluorophores in optical tracking of free-standing and
confined single molecules. To a first approximation, one can say that we probe a system
containing luminescent nanoclusters with light, collect the resultant emission, and finally analyze
this light to extract information on the position of the nanocluster in real time. A time dependent
trace of position versus time coupled with other mathematical manipulations will allow ultra-
sensitive determination of single particle dynamics. Finally, one can attach these nanocluster
fluorophores to a molecule of interest, such as a protein. If a given chain or domain of the protein
were to move during a folding event, a nanocluster tethered to this chain would also move.
Under fluorescence microscopy one can closely track the dynamics of the tethered nanocluster
and, with appropriate corrections, infer the dynamics of the chain. It is at this stage that we shall
have a method for the ultra-sensitive probing of single-molecule dynamics, the goal we set out to
achieve.
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§ IIa. SOLUTION-PHASE SYNTHESIS OF SILVER NANOCLUSTERS
Although a large body of synthetic protocols exists for production of noble metal
nanoparticles6,7,8, the methodologies all stop short of fulfilling the stringent size, stability,
monodispersity, and simplicity of process criteria that are sought after in this work. Some
experiments have succeeded with the synthesis of subnanometer diameter clusters of gold and
platinum, yet the protocols are rarely facile, let alone wet chemical. Specifically, the production
of small nanoclusters of silver and the generation in solution of nanoparticles with diameters less
than 3 nm has traditionally met with little success. One successful, yet particularly elaborate,
procedure calls for exposure of a mixture of 2-propanol and silver salt to radiation over the
course of many minutes, after which one achieves various particles sizes and distributions based
on exposure times9. Other syntheses are plagued by problems of particle polydispersity and
limited scalability to other metals. We respond to the difficulties associated with existing
methods and the needs of this work and develop a facile, solution-based photochemical synthesis
which produces stable and monodisperse samples of silver nanoclusters whose diameters can be
controlled from 1 nm to 6 nm in diameter.
Historically, plasma and ablation-based methods have generally succeeded in generating
few-atom clusters of noble metals10,17,18. Chemical syntheses depend on the uniform and rapid
mixing of chemical precursors in the presence of metal ions to generate nanoclusters and
nanoparticles. In our case, the rapid reduction of silver ions in the presence of organic precursors
is especially crucial to the kinetic trapping of silver nanoclusters of small diameter. In other
words, the faster that metal ions can be reduced to form small nucleation sites throughout the
sample, the less time there is for the deleterious formation of metallic aggregates that inevitably
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lead to large nanoparticles. Furthermore, our photochemical synthesis ensures ample time for the
preparation and mixing of any precursors before the initiation of reaction. The chemical
precursor we use is a highly efficient reducing agent that within seconds yields small silver
nanoclusters. Previous photochemical syntheses of silver nanoclusters have suffered from sample
polydispersity and large diameters, a consequence of the long UV exposure times required, but
that we happily avoid.
As a means of facilitating rapid photochemical reduction of silver ions, we employed the
efficient UV-active photobase N-methylnifedipine11 as a reducing agent. Upon excitation by
ultraviolet light, N-methylnifedipine converts to a potent base system through abstraction of a
hydroxyl group (Figure 2.1). 10.0 mL of a 1.00 mM solution of AgClO4 in THF was mixed with
10.0 mL of a 0.75 mM solution of N-methylnifedipine in THF and placed in a glass test tube
transmissive in near UV. After 1 s of exposure to an ultraviolet lamp, nanoparticles were formed
in solution, and subsequently extracted into water to remove any THF-soluble precursors. A drop
of this solution was transferred to a transmission electron micrograph (TEM) grid and, with the
help of a paper filter beneath, the nanoclusters were drawn to the surface of the grid by capillary
action. No extraction into more volatile solvents was needed to aid sample transfer. Transmission
electron microscopy revealed polydisperse silver nanoclusters (Figure 2.2), the sample
population consisting of a number of clusters with 1 nm diameters, and others with diameters in
excess of 20 nm.
14
        
     Figure 2.1 – N-methylnifedipine and its mechanism of reaction.      Figure 2.2 – Polydisperse silver
nanoparticles (scale bar: 30 nm)
Seeking to achieve sample monodispersity, the above scheme was modified only to
include 10 mL of a 1.00 mM solution of sodium citrate in THF. We recall that a particularly
interesting recent work12 used citrate as a reducing agent in generation of silver nanoparticles.
Here, citrate functions as a stabilizer molecule that, when well dispersed in the solution,
encapsulates the silver nucleation sites (Figure 2.3) formed as a result of the rapid
photoreduction of silver ions. Effectively, once surrounded by a shell of stabilizers, the nascent
silver nanoclusters cease growing, a fact that was confirmed by extending the UV exposure time
to 1000s (Figure 2.4). Therefore, on very short time scales the concerted reduction and
encapsulation of silver ions takes place to produce kinetically stable monodisperse silver
nanoclusters (Figure 2.5).
   Figure 2.3 – Silver reduction and encapsulation.          Figure 2.4 – Ignoring large particle contaminants, the
bulk of the sample consists of stable and monodisperse
silver nanoclusters irrespective of UV exposure time.
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Figure 2.5 – Monodisperse silver nanoclusters and result of EDAX particle analysis confirming presence
of silver. (scale: 30 nm).
To test the scalability of our synthesis, we experimented with using various carboxylic-
acid and primary-amine-possessing molecules in the hope that they may also function as surface
stabilizers for the precise control of nanocluster diameter. 1.0 mM solutions in THF of the
sodium salts of tartaric, aspartic, glutamic, malonic, and oxalic acids were used in place of
sodium citrate in the above synthetic scheme. TEMs (Figure 2.6a-e) conclusively prove the
validity of this approach to diameter control, and Table 1 illustrates that at each stage the
monodispersity of the silver nanocluster sample is well maintained.
(a) (b)
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(c) (d)
(e)
Figure 2.6 – Monodisperse silver nanoclusters with diameters ranging from 1-6 nm as a result of
stabilizer substitution. Silver nanoclusters were stabilized with the sodium salts of (a) tartaric acid
(b) aspartic acid (c) glutamic acid (d) malonic acid (e) oxalic acid.
Citric Tartaric Aspartic Glutamic Malonic Oxalic
Diameter ~1 nm ~1 nm 2 nm 3 nm 3 nm 6 nm
Table 1 – Results of silver nanocluster syntheses using various stabilizers illustrating the precise diameter
control possible.
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If one looks carefully at the structures of the organic stabilizers, one clearly sees that the smaller
the stabilizer, the larger the nanocluster becomes. A kinetic argument proposes that on the 1 s
time scale of the photochemical reaction it takes longer for a nascent silver nanocluster to
become encapsulated by the arrival of many smaller stabilizer molecules (oxalic acid), during
which time a larger nanocluster has freedom to form. It is also perfectly plausible that the high
surface charge on the small stabilizers strongly counters the otherwise higher rates of diffusion
observable with smaller particles. By contrast, a larger stabilizer (aspartic acid) will have little
difficulty in quickly encapsulating a small nucleation site. Another strong argument proposes
that the nanocluster diameters are determined by the minimum radius of curvature coverable by a
stabilizer. Thus, we can synthesize monodisperse silver nanoclusters rapidly and exert precise
control over the diameters we obtain. It must also be noted that our synthetic protocol has been
applied successfully to the synthesis of gold nanoclusters, with the only necessary modification
being the substitution of NaAuCl4 as the ionic salt.
High-resolution TEMs (Fig. 2.7) of aspartate-stabilized silver nanoclusters reveal that
although the particles are mostly crystalline, some defects and surface aberrations do exist. The
particles are pseudospherical and in rare cases exhibit structural defects where the crystal lattice
was interrupted during the encapsulation of the silver seed crystal. Furthermore, previous
HRTEM structural analysis of small silver nanoclusters has determined that these species
natively assume a cuboctahedral packing geometry56 that is ordinarily very difficult to discern.
This may explain the difficulties associated with observing clean crystallographic lines in the
TEMs of our silver nanoclusters. These observations are consistent with the kinetic growth
process that was previously proposed. EDAX particle analysis (Figure 2.5) confirms the presence
of silver according to three characteristic Roentgen resonance peaks, and the 2.3 Å lattice
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spacing of the (111) planes of bulk silver is consistent with the electron diffraction pattern in
Figure 2.7.
Figure 2.7 – High resolution TEM of a citrate stabilized silver nanocluster of 1 nm diameter.
§ IIb. SELECTIVE PHOTO-DEPOSITION OF SILVER NANOCLUSTERS
With a few notable exceptions, it is easiest to disperse silver nanoclusters in solution and
then to modify their environments to suit the needs of the experiment in question. There are,
however, circumstances under which it would be advantageous to have control over the exact
placement of the nanoclusters.
Microscale patterning of silver nanoclusters can take place if our photochemical reaction
can be initiated and controlled only in limited regions of the sample. Ordinarily, the photobase
N-methylnifedipine is excited resonantly by a single photon, and thus is induced to undergo an
electronic transition that eventually drives the crucial reductive process. Using the 800 nm output
of a mode-locked Ti:sapphire laser one can induce an electronic transition in the photobase only
if two photons are absorbed simultaneously. More shall be discussed concerning the crucial
subject of multi-photon absorption later, but for now we shall confine ourselves to the most
important consequence of employing two-photon absorption to excite N-methylnifedipine: the
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probability of absorption, and hence excitation, is confined to within the narrow focal volume of
the beam once the laser beam has passed through a microscope objective. The localized
excitation and activation of the photobase will lead to the localized generation of silver
nanoclusters in regions of solution that have been exposed to the focal point of the laser beam.
The solution was prepared with some modification to ensure that the concentrations of
the precursors were sufficient for deposition at the laser power threshold, and that stabilizer
would not precipitate silver ions at elevated concentrations before the beginning of the reaction.
The latter was solved by using the most THF-soluble of the organic stabilizer species, sodium
malonate. Henceforth, a solution was prepared consisting of 10 mL portions of 5.00 mM
AgClO4, 3.75 mM N-methylnifedipine, and 5.00 mM sodium malonate dissolved in THF. A
sample cell was constructed from two clean glass microscope slides with a 1 mm rubber O-ring
is used as a spacer and seal. A 300-mesh copper TEM grid was secured to the surface of one of
the glass microscope slides such that it was in the center of the rubber O-ring. A few drops of the
solution were introduced inside the sample space, and a second microscope slide was brought in
contact with the O-ring to seal the liquid sample above the TEM grid. Teflon tape was used to
secure the sample tightly. The microscope was focused on the TEM grid carbon film surface, and
a shutter was opened to allow laser output to reach the sample (Figure 2.8). Even at such low
powers as 3 mW, the sample can be scanned under the beam to produce sharply defined two-
dimensional patterns consisting of photo-deposited silver.
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Figure 2.8 – Schematic for silver deposition experiment.
A representative pattern deposited directly onto a TEM grid is shown in Figure 2.9a,
where the line resolution is ~3 µm. At higher magnification, it is revealed that the patterned
silver lines themselves consist of stable, monodisperse Ag nanoclusters roughly 3-4 nm in
diameter (Fig. 2.9b), results that are consistent with solution-phase synthesis of silver
nanoclusters using malonate as the stabilizer.
(a) (b)
Figure 2.9 – A photodeposited silver “T” pattern (a) with a line width of ~3 µm and a HRTEM image (b)
of the malonic acid stabilized silver nanoclusters generated within the red boxed region.
§ IIc. LASER SETUP FOR CONTROLLED SILVER DEPOSITION
A Ti:sapphire laser source (Coherent Mira Basic) produces pulses of 100 fs duration at a
repetition rate of 80 MHz with a center wavelength of approximately 790 nm19. Following
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spatial filtering, the beam passes through various optical hardware. An acousto-optic modulator
allows for control of the energy of the light incident on the sample, and a variable beam expander
determines the extent to which the back aperture of the microscope objective is filled. After this
processing, the beam is sent through the reflected light source port of a Zeiss AxioPlan 2 upright
microscope and reflected onto the sample via a Zeiss 20x, 0.5-NA, non-immersion Plan-Neofluar
objective. A motorized stage (Ludl BioPrecision) allows for scanning of the sample in three
dimensions. For all deposition experiments, the back aperture of the objective was filled.
§ IId. CONCLUSION
We have demonstrated the ability to synthesize stable and monodisperse samples of
monodisperse silver nanoclusters with the added possibility of diameter control, and have shown
that one can selectively deposit these ultrasmall nanoclusters onto various substrates.
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§ IIIa. NON-LINEAR OPTICAL PHENOMENA
While not of great consequence on a daily basis for the functioning of human life, non-
linear optical phenomena are important for the fabrication and observation of nanoscale species
with light. We have seen that the probabilistic nature of multiphoton absorption in highly
localized focal volumes is of great utility in the patterning of metallic clusters with micron
resolution. We shall see that it is possible to excite metallic nanoclusters via multiphoton
absorption. The concomitant efficient luminescence renders these metallic nanoclusters useful as
single particle optical probes.
Nobel laureate Maria Goeppert-Mayer predicted in 1931 that an atom or molecule can
quasi-simultaneously absorb two photons during a single quantum event13. In saying quasi-
simultaneously, we mean that the system must absorb two photons within a temporal window of
10-16 s or 0.1 fs. The rarity of such an event is made clear by the knowledge that while a good
one- or two-photon absorber such as Rhodamine B may be induced to absorb through a one-
photon process once every second in broad daylight, the same absorber may manage to absorb
through a two-photon process only once every 10 million years14,15! Rather than waiting 10
million years, scientists have developed pulsed lasers that supply a set of conditions that make it
possible to excite such species to absorb through multi-photon processes once every ten
nanoseconds.
We begin with the requirement that the species be endowed with energy levels that allow
for n-photon transitions. Next, we state that for a species capable of non-linear excitation, the
probability that the species will undergo n-photon absorption is proportional to the likelihood
that n photons will be present simultaneously within the volume the species occupies. We begin
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by finding a relationship for the laser irradiance intensity I, expressed in energy per unit area per
time,
I =
Em
s2 sc
=
mhc 2
s3  ,
(1)
where s is the side of a cube corresponding to the volume in which the species resides, m is the
mean number of photons,  is the beam wavelength, and Em is the mean energy in the cube. The
mean number of photons in the cube of volume s3 is given by
m =
IVm
NAhc
2  ,
 (2)
where V = s3 = Vm / NA. Using the Poisson distribution pn =
mn
n!
em  one can solve for n=2 to
find that the probability of having 2 photons simultaneously reach the volume specified above as
V is proportional to the square of the intensity of the exciting laser beam, pn = 0.5m
2  k I2
(3). One can easily prove that the probability of n-photon absorption is proportional to the
intensity of the excitation source taken to the nth power. This is the source of the non-linearity of
multiphoton processes.
Only with high excitation powers and sharp temporal and spatial localization of the beam
can one realize efficient multi-photon absorption in appropriate molecular species. The
probability that a certain species will simultaneously absorb two photons during a single pulse is
given by
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na =
2Pave2
 p f p2
NA2
2c
 
 
	 
 
 

 
2
 ,
(4)
where the duration p, repetition rate fp, wavelength , and time-averaged power Pave of the beam
are parameters, while  =  h/2, 2 =  10 GM (Goeppert-Mayer: 10-58 m4s), and the numerical
aperture of the focusing objective is taken to be between 1.2 and 1.4. One can quickly make the
important conclusion that in order to saturate the species at the same excited state achievable
with one-photon absorption, one must have a laser with short pulsewidths (e.g. 100 fs) and high
repetition rates (100 MHz) that are on the order of the excited state lifetime of the species. It is
with such conditions that ultrafast femtosecond pulsed lasers are able to induce multiphoton
absorption. A consequence of such temporal focusing is that the sample is bombarded by intense,
but short, pulses of energy.
However, we must still account for spatial localization under conditions of multiphoton
absorption. Highly spatially localized two-photon excitation (TPE) cross-sections can be
predicted by use of Equation 4, and the following expression for the fluorescence intensity
distribution at the focal region of an objective of NA=sin.
I(u,v) = 2 J0(v)e iu
2 / 2d
0
1

2
 ,
(5)
where J0 is the zeroth-order Bessel function, and , u, and v are coordinates of the focal point.
Combining these pieces of information we can extract a crucial piece of information: TPE decays
as the fourth power of distance away from the focal point of the laser beam. In other words,
because the likelihood of two photon absorption is overwhelmingly highest at the focal point of
the laser beam, species that are capable of absorbing multiple photons will be excited and
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induced to emit effectively only within the sharply focused region of the laser beam. Figure 3.1
illustrates one- versus two-photon induced emission from fluorescent species, clearly revealing
the tremendous spatial localization of the fluorescence.
Figure 3.1 – An illustration of the spatial extension of fluorescence due to one-photon absorption (top
beam) versus the fluorescence localization to femtoliter volumes thanks to two-photon absorption by dye
molecules (bottom beam) 14.
We can now revisit our synthetic scheme involving two-photon excitation of N-
methylnifedipine. With the knowledge that the photobase absorbs in the UV, one can easily see
that the simultaneous absorption of two photons of 800 nm will effectively excite the molecule to
the same state as would have been possible with one-photon
excitation with UV light of 400 nm. However, by intensely
pumping our system with photons in brief and closely-
spaced pulses we benefit from sharp spatial localization that
allows for selective deposition of silver nanoclusters.
From this point forth we shall concern ourselves with the multiphoton absorption induced
luminescence of the metal nanoclusters themselves.
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§ IIIb. OPTICAL THEORY OF METALLIC NANOPARTICLES AND NANOCLUSTERS
For the time being, we shall confine our discussion to the elucidation of the physical
response of metallic nanoparticles to light in general. In short, we will consider absorption of
light by nanoclusters as a means of introducing the fundamental physics that is unique to
nanoscale matter. Quantum mechanics can describe to a high degree of accuracy the physical
processes that govern atom-atom interactions. Classical mechanics describes bulk scale behavior
almost completely. Between these well-defined regions falls what is broadly classified as the
nanoscale regime wherein sometimes hybrid, and sometimes unique optical and physical
properties are observed (Figure 3.2). While the magnetic, semiconducting, and thermal
properties of metal nanoparticles all vary with particle size, this section introduces the unique
response of these particles to light.
Figure 3.2 – The transition from bulk-like to nanocluster/molecular electronic states yields interesting
optical responses due to collective inter- and intraband transitions
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The first condition towards understanding this unique class of physics rests with treating
electrons collectively as populating a band or HOMO (Highest Occupied Molecular Orbital).
When light is incident on a metal nanocluster, these electrons absorb photons and are induced to
oscillate collectively as a surface plasmon. These momentary perturbations of the electron
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density surrounding a metal nanocluster form various oscillatory modes that can be coupled to
the spontaneous emission of light. For now, however, we shall discuss in depth how the
electronics of the metallic species dictate the manner in which the cluster will absorb light.
Upon interaction with matter, light can be refracted, diffracted, reflected (Rayleigh
scattering) or absorbed. The latter two phenomena require special consideration with respect to
light interacting with metallic nanoclusters, because conventional macroscopic approaches do
not hold when the wavelength of light is on the order of particle size. In 1908 physicist Gustav
Mie performed work to predict the scattering of light from an isotropic idealized sphere, and by
so doing took into account the numerous electromagnetic vector interactions that yield
information as to how light is reflected off and absorbed by metallic spheres20,21. While Mie
theory predicts a unique Mie resonance for a given particle, the frequency of this resonance is
not size dependent and we therefore must say more about the interaction of light with the surface
plasmons on metal nanocluster surfaces.
We desire an expression relating the energy (  h ), or wavelength ( c
), of light absorbed
as a function of the size of the particle. Clearly, absorption of a photon proceeds via an inelastic
process that involves some generation of electric fields through perturbation of the surface
plasmon with the electromagnetic field of the incident light wave. We begin with the Maxwell
equation describing an electric field due to motion of electrons in response to an incident
electromagnetic wave,
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2
1+ 4i( )
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from which we obtain the dielectric function ()
() = 1+ 4i( ) .
(6)
28
After further manipulation we arrive at the Drude model
() =1
 p2
 2  ,
(7)
where p is referred to as the plasma frequency. When  < p we can expect only exponentially
damped solutions that do not fully explain the phenomenon of surface plasmon resonance. In
fact, the scenario currently derived only considers charge density oscillation due to collective
electron translation against a positive background. We continue by realizing that there is a
surface plasmon mode localized at the surface interface having a longitudinal wave form as
follows:
  (
r 
r ) =0eiq ||r||e
q || z
.
(8)
By examining the electric field generated at the surface (Figure 3.3) we see that this
transverse mode decays exponentially away from the interface into the metal and into the
vacuum, or dielectric. The dielectric function now has the form (sp ) = 1 and with substitution
into the Drude model (Equation 7) we obtain the surface plasmon frequency, sp =
 p
2
corresponding to collective oscillation of electron density on the flat surface of a metal.
Figure 3.3 – The form of the electric field (z-direction) created as a result of surface plasmon oscillation22.
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Notice that the term nanocluster has not as yet been mentioned in this treatment. Accounting for
the spherical nature of the nanocluster surface yields a dielectric function (sp*) = 2 , which
again is combined with the Drude model to yield a surface plasmon resonance frequency of
sp* =
 p
3
 (9) for spherical metallic nanoclusters. In other words, plasmon oscillations on the
surface of metallic nanoclusters have a frequency that is reduced relative to the free plasma, and
sp* does indeed correspond to the characteristic Mie resonance of the nanocluster in question.
While sp* refers to the frequency, or energy, of light that will be absorbed by a metallic
nanocluster to excite its characteristic Mie resonance, this value falls short of predicting how the
frequency of light absorbed by a given metallic nanocluster is dependent upon the nanocluster
size. The previous calculations are important, but do not consider the fact that the dielectric
properties of the nanocluster change with cluster size, and for that matter, shape. A dispersion
relation will ultimately solve the problem by presenting a graphical approach towards relating
the resonance frequency () of the oscillating surface plasmon to its wave vector k. In the case of
a spherical nanocluster, given the fact that a single mode of the surface plasmon must confine
itself to the circumference 2r of the nanocluster, the wave vector is in fact exactly the inverse of
the nanocluster radius, 1/r (Å-1). While a prototypical dispersion relation is shown in Figure 3.4
one must note that it is normal to expect more complex trends for various metals. We can
identify two features readily: (1) the light line corresponds to =ck and is the large particle size
limit at which surface plasmon resonance no longer is dominant (2) the Mie resonance
sp* =
 p
3
 is a constant independent of nanocluster size. Two possible surface plasmon
resonance conditions are presented based on the empirical fact that some metallic nanocluster
species exhibit a positive (silver) or negative (aluminum) slope of the dispersion relation towards
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the small cluster limit. The slope of this dispersion exactly determines whether one can expect
blue shifting (positive slope) or red shifting (negative slope) of the surface plasmon resonance
with decreasing nanocluster size. These shifts to absorption of higher or lower energy light
constitute deviations from the idealized Mie resonance limit and ultimately flesh out how the
wavelength of absorbed light is a function of nanocluster size.
 

k
light line:  = ck blue shift
red shift
Figure 3.4 – A simplified dispersion relation identifying what is meant graphically by the characteristic
Mie resonance of a metal particle in the large diameter, small k, limit. Also presented are the possible
slopes the dispersion relation can take on in the small particle, large k, limit.
Two characteristic models have emerged to describe the electronic makeup of metal
nanocluster plasmons. The jellium model23 assumes an idealized solid metal sphere wherein the
electron density is set against a large positive background. Such a formalism can hold for
nanoclusters composed of alkali metal atoms, because it is in such species that the effective
nuclear charge is a rather dominant presence. It is therefore not unexpected that the jellium
model predicts, incorrectly, a negative slope of the dispersion relation for silver nanocluster
surface plasmons. Experiment and calculation shows conclusively that the plasmon resonance
blue shifts to higher energies with decreasing particle size10,24-27. In describing the surface
plasmon as a fluid electron density more or less free to oscillate collectively with few nuclear
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restraints imposed by the individual atoms, the hydrodynamic model more faithfully describes
the physics operating with silver metal nanoclusters. With its rich array of electronic energy
levels, silver’s valence electrons are screened from the nucleus and can thus be part of a more
fluid collective electron density. This is a core reason that silver is such a good conductor of
electricity. By employing the hydrodynamic model, we correctly find a positive slope of the
dispersion relation, and all of the concomitant opto-electronic consequences that ensue. Some
work has observed a red shift of the plasmon resonance due to matrix effects54,55.
§ IIIc. ABSORPTION AND EMISSION FROM SILVER NANOCLUSTERS
A tremendous amount of information can be gleaned from interpretation of absorption
spectra of metallic nanoclusters. Figure 3.5 presents from literature6 an absorption spectrum of a
1x10-4 AgClO4 solution in the presence of 0.1 M 2-propanol after subsequent irradiation with
high energy electrons. There are three distinct peaks of great importance.
Figure 3.5 – Absorption spectrum of a 1x10-4 AgClO4 solution in the presence of 0.1 M 2-propanol
subjected to high energy electrons, showing the emergence of various peaks that correspond to both small
clusters and larger silver nanoparticles 
6
.
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The peaks at 295 nm and 325 nm are due to absorption of light by small silver nanoclusters
generated in the initial stages of silver ion reduction. At long exposure times, an intense peak at
380 nm develops, and is in fact due to the characteristic surface plasmon resonance of colloidal
silver nanoparticles in water. While this peak is due in part to the phenomena discussed in the
previous section, peaks below 320 nm or a photon energy of ~3.8 eV are caused by 4d5sp
interband transitions within silver nanoclusters. At such higher photon energies, the absorption
spectrum for silver is dominated by HOMOLUMO (Lowest Unoccupied Molecular Orbital)
molecule-like collective interband transitions (arrow 2, Figure 3.6).
Figure 3.6 – Partial band structure for silver showing both intra (arrow 1) and interband (arrow 2)
transitions between the 4d and 5s band electrons 
6
.
From inspection of our data, we have reason to suspect that our previously described
synthetic procedure allows for rapid kinetic trapping of ultrasmall several atom nanoclusters.
Absorption spectra of citric acid stabilized silver nanoclusters exhibit a sharp absorption feature
at 290 nm that eventually diminishes with increasing time of UV exposure (Figure 3.7). We
believe this feature corresponds to the presence of small amounts of short-lived several atom
silver nanoclusters. Analogous to results from the literature, over long UV exposure times we see
the emergence of a peak at 330 nm and the modest growth of a broad plasmon resonance
contribution at 380 nm. Ultimately, we observe that silver possesses the unique property of
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having its interband and plasmon resonances at considerably separate wavelength regimes, and
that we are left with a sensitive fingerprint of the size dependent absorption character of silver
nanoparticles, nanoclusters, and several atom clusters.
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Figure 3.7 – Absorption spectrum of citrate stabilized silver nanoclusters after 0.25 s (red) exposure to UV
and 1000 s (blue) exposure to UV. At low exposure times the presence of ultrasmall clusters is dominant as
evidenced by the 290 nm peak. In the limit of long exposure time, a strong absorption at 330 nm appears
and remains constant with only slight growth of the bulk surface plasmon at 380 nm. This confirms our
previous argument that the monodispersity of our sample is maintained even after long UV exposure.
As mentioned in the previous section, photofragmentation spectra on small silver
nanoclusters show a positive dispersion of the resonance frequency for decreasing particle size,
relative to the classical Mie resonance. In the large R limit, Ag nanoparticle surface plasmons
resonate with the Mie energy of 3.5 eV, or 354 nm. It is important to differentiate this from the
bulk surface plasmon resonance of silver nanoparticles at 380 nm, which occurs specifically in
aqueous collodial suspensions. Absorption spectra of Ag nanoclusters stabilized by the sodium
salts of aspartic, glutamic, malonic, and oxalic acid were taken using a Hewlett-Packard
Novaspec UV-Spectrophotometer. Prior to making measurements, the nanoclusters were
extracted into the aqueous phase to remove any latent THF soluble N-methylnifedipine
photobase, which has a broad absorption spectrum in the ultraviolet region. We recall that the
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above stabilizers produce particles with 2, 3, 3, and 6 nm diameters, respectively, thus allowing
for resolution of the dependence of the wavelength of absorption on nanocluster size.
An absorption spectrum of the four stabilized nanocluster solutions above is presented in
Figure 3.8. Firstly, it is immediately obvious that there is indeed a slight resonance blue shift as a
function of decreasing nanocluster size as predicted by theory.
Figure 3.8 – Absorption spectrum of variously stabilized silver nanoclusters revealing both the expected
blue shift of the Mie resonance with decreasing cluster diameter, and the subtlety of this shift.
Photodepletion spectra of silver clusters also point to only very minor blue shifting effects above 1 nm
(AgN where N > 21 atoms).
While the blue shifts observed are rather small, one must appreciate that although absorption
spectroscopy is not necessarily the most sensitive of optical characterization techniques, it still
reveals the characteristic size dependent optical signatures of metallic nanoclusters. Second,
photodepletion spectra10 (see Figure 3.8) of silver nanoclusters readily reveal that in the >1 nm
(recall that a 1 nm diameter silver nanocluster ideally contains 31 atoms) regime the blue shift of
the plasmon resonance is marginal, and only becomes more pronounced in the subnanometer
limit as evidenced by a blue shift of 0.5 eV (~35 nm) from a 21 atom to 9 atom silver
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nanocluster. Third, we observe that the bulk surface plasmon resonance is virtually damped
simply because photon energies of 3.3 eV (~380 nm) are insufficient to drive the collective
electron density oscillations on 2-6 nm diameter silver nanoclusters. In other words, these
species are too small to exhibit bulk-like surface plasmon characteristics.
Finally, and perhaps more interestingly, the observed plasmon resonance peaks are
themselves blue shifted relative to values predicted by Mie theory. While this may at first point
to experimental errors, the effect is in fact very informative and requires some introduction into
the electronic interaction between the nanocluster bands. We begin with an electronic origin of
the positive or negative slope of the dispersion. In the description of surface plasmons we
discussed the origin of the transverse wave that penetrates some exponentially decaying distance
into the metal and vacuum. The phenomenon of electron spill-out23,28-30 explains the tendency
for electron density on metallic surfaces to extend into the vacuum during the charge
perturbations concomitant with plasmon resonance (Figure 3.9). Since the simple metals exhibit
such extension of the centroid of electron charge farther into vacuum, the diffuse electrons
oscillate more freely, resulting in lower resonant excitation energies, which yield negative slopes
for dispersion30.
Figure 3.9 – A graphic visualization of electron spill out where 0 corresponds to the interface between the
metal surface and the vacuum or dielectric medium.
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Conversely, for silver, the positive dispersion is explained by the metal’s 4d and 5s
electronic band structures 10. Near the metal surface, the presence of mutual electrostatic 4d5s
interband interactions (Figure 3.6) has the effect of confining the electron density closer to the
metal surface. The centroid of electron charge being held closer to the metal surface, the induced
s-d surface plasmon is excitable at higher photon energies as manifested by the positive slope of
the dispersion relation. It is also unique that the electrons of the 5s band are free to oscillate at
the unscreened high energy plasma frequency of ~9.2 eV, which also contributes to the blue
shift. For decreasing cluster size, the 5s band electrons suffer fewer potential s-d interactions and
are even freer to oscillate at the unscreened plasma frequency thus forming a more sharply
defined electron density profile. With this information, we revisit the problem of explaining the
observed blue shift of the observed surface plasmon resonances relative to those predicted by the
Mie theory. We propose that the stabilizer molecules on the surfaces of the metal nanoclusters
function as electron injectors that increase and somewhat confine the surface electron density. A
more electron rich and confined centroid is expected to oscillate at higher energies, and this
serves as an explanation for the net 4.4% blue shift of the frequencies we observe relative to the
theoretical values (Table 2). Some work has observed blue shifting of the surface plasmon
resonance for silver nanoparticles due to absorbed and subsequently reduced Cd2+, Hg2+ ions31-33.
1/r (Å-1)  (nm) Eexp (eV) Etheo (eV) Ratio
1/10 327 3.79 3.64 1.041
1/15 329 3.77 3.61 1.044
1/30 332 3.73 3.55 1.050
Table 2 – Comparison of experimental blue shift results relative to those predicted by Mie theory. Eexp
corresponds to our blue shifted resonance peak, while Etheo corresponds the calculated Mie value extrapolated
from dispersion data
10
.
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It has been suggested that interband transition energies, such as those between the 4d and
5s bands, can be blue shifted due to addition of electrons to the conduction band at the Fermi
level. However, despite observing peaks at energies near where we would expect interband
transitions, we do not see a blue shift relative to ~320 nm. Also, interband contributions are
already accounted for in the dielectric function within the Drude model.
We have invested considerable time discussing the physical processes involved in the
absorption of light by metallic nanoclusters, but it is now time to discover by what scheme these
clusters luminesce when excited by laser light. It is worth mention before we consider our
nanoclusters, that several groups50-52 have observed luminescence from silver clusters, even as
small as 8 atoms53, though not as a result of multiphoton absorption.
If excited by absorption of a photon, a molecular species or metallic nanocluster can
proceed to emit light through various excited state to ground state electronic transitions. An
electron in a ground singlet state is usually excited first to an excited singlet state whereupon it
undergoes rapid vibrational relaxation, due to intermolecular collisions, on the average time scale
of 10-8 s. While not possible for a band, a single electron can experience intersystem crossing to a
lower energy excited triplet state, whereupon it may continue relaxation for some time before the
eventual emission of a photon. This principle drives phosphorescence, because the excited state
lifetime of the electron is extended long enough to produce luminescence some time after initial
excitation, and may extend as long as 10 s. Naturally, it is possible for an electron to
vibrationally relax to the ground singlet state through a pathway that is non-radiative. However,
we shall consider the first scenario wherein an electron rapidly relaxes from a singlet excited
state before partitioning its remaining energy towards emission of a photon as it returns to the
ground state.
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Surface phenomena lead to fascinating optical effects that have been exploited to great
success for the study of absorbed molecules on surfaces using such techniques as Attenuated
Total Reflectance (ATR) spectroscopy and Surface Enhanced Raman Spectroscopy (SERS)34,35.
Previous work on silver surfaces reports both single and multi-photon absorption induced
luminescence spectra36. While no multi-photon induced luminescence was observed from
smooth silver surfaces, roughened silver surfaces very effectively allowed for non-linear optical
effects. A luminescence emission spectrum from roughened silver surfaces excited by laser light
of photon energy 1.7 eV is shown in Figure 3.10.
Figure 3.10 – Emission spectrum of a roughened silver surface excited with laser light of 1.7 eV.
We notice that the high-frequency cut off for this broad spectrum is approximately at the
two-photon energy of 3.4 eV and we observe a monotonic increase in emission intensity for
lower energies. The emission from our 1 nm stabilized silver nanoclusters is presented in Figure
3.11. The Ti:sapphire laser described in section IIc provides ultrafast pulses of 800 nm light.
Similar to the spectrum on roughened silver surfaces, the emission spectrum from silver
nanoclusters is broad, terminates at the two-photon energy (~400 nm), and also increases
monotonically towards lower emission energies. We therefore propose that surface roughness
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and other imperfections are responsible for driving the multiphoton induced luminescence from
our nanoclusters.
Figure 3.11 – Emission spectrum of a stabilized 1 nm silver nanoclusters excited at 1.6 eV.
It has been shown through second harmonic generation (SHG) studies and SERS that
surface roughness is responsible for the enhancement of local electric fields on metal surfaces. A
“lightning rod” effect dominates at the tip of surface features, which leads to an enhancement of
the intensity of the optically induced electric field. As one does not observe multiphoton induced
luminescence from smooth surfaces, we can assume that local field enhancement at sharp surface
features is a consequence of the localization of high photon flux into a small volume that is
attainable through multiphoton absorption. We speculate that this enhanced induced electric field
subsequently drives the surface plasmon resonances that collectively relax with emission of a
photon.
The first spectral feature around 420 nm is the resonant luminescence response from
direct excitation of the bulk surface plasmon of silver in the near UV region. Note that this
emission peak is rather small, as expected, since bulk surface plasmons are few and far between
on nanoclusters of such small diameter; recall the damped 380 nm peak from absorption
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measurements. The long nonresonant continuum emission is not so readily explained, but is
nevertheless quite intriguing. The work of Boyd et al. on metal surfaces proposes that the
monotonically increasing emission towards lower emission energies is a result of nonresonant
excitation of surface plasmons by local area electric field enhancements36. We extend this
concept to our nanoclusters, suggesting that the continuum emission is a sum of various surface
plasmon resonances driven by individual local area field enhancements, a so-called
inhomogeneous broadening. The surface protrusions function as prolate structures whose tips
serve as the “lightning rods” in the above phenomenon. It is not unreasonable to assume that
surface roughness is a crucial cause of the luminescence we observe, since high resolution TEMs
have previously confirmed the presence of numerous surface protrusions and irregularities. It is
worth thought that as the nanocluster becomes smaller in size, one can expect greater surface
protrusions and irregularities as a result of more irregular cluster encapsulation. This should
expectedly produce an enhancement of the long continuum emission tail. Eesley has suggested
that the broad emission tail is caused by homogeneous broadening due to lifetime broadening of
the surface plasmon emission peak in the near UV36. While this excited state lifetime can be
broadened by electronic recombination effected by coupling of surface plasmon resonances, it is
unlikely that this phenomenon is dominant.
To this point it has been implied that the luminescence from the silver nanoclusters
prepared in this work is due to two-photon absorption. After immobilization on a glass coverslip,
a sample of 1 nm citrate stabilized silver nanoclusters is placed on a computer controlled
translation stage mounted above an inverted epifluorescence microscope, whereupon the
excitation beam is permitted to irradiate the sample after opening a shutter. The details of the
experimental setup can be found in Section IVb. Using an image size of 256x256 pixels, a 40X
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oil-immersion Zeiss objective, 32 mW laser power at sample, a scan rate of 150 kHz, and a scan
time of 10 s, we obtain a false color image of silver nanocluster luminescence intensity as shown
in Figure 3.12.
Figure 3.12 – False color image of the luminescence intensity registered from stabilized 1 nm silver
nanoclusters. The luminescence in the outlined regions was used in power dependence calculations.
Suspecting that luminescence intensity should be a non-linear function of excitation
power, we perform an experiment to determine if the functional dependence obeys the power
law: log(Ilum) = n log(Plas). For the two luminescing silver nanoclusters selected from the above
image, we obtain Figures 3.13a-b, which are log-log plots of intensity counts versus laser power.
In both cases, values of n are almost exactly 2, and we now have the information needed to state
that Ilum = Plaser
2 . In other words, the silver nanocluster luminescence intensity has quadratic
dependence on the laser excitation power, a direct consequence of two-photon absorption.
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  (a)   (b)
Figure 3.13 – Log-log plots of luminescence intensity versus laser power for the two regions outlined in
Figure 13.12. From the two slopes of 1.9 (a) and 2.1 (b), we can conclude that the luminescence is two
photon induced.
§ IIId. A WORD ON POLARIZATION AND QUANTUM YIELD
Ultimately, it is the polarized emission from silver nanoclusters that potentially renders
them useful as single-particle optical probes. A brief discussion of polarization in terms of
metallic particles possessing surface plasmons is offered here as reference. An electric field
interacting with a charge q produces a force F=qE that induces a charge fluctuation. The
concomitant separation of charge yields an induced dipole which at low fields has the form,
µind () = ij ()E j () ,
(10)
where the linear polarizability tensor ij is unique to the molecule or species of interest and
quantifies the variation of the induced dipole moment within the electric field. For electric fields
that oscillate at energies well away from the characteristic resonance of the species, we expect
the induced polarization to have the same frequency and phase as the electric field. In the high
frequency domain primarily electron density oscillations contribute, while at lower frequencies
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ro-vibrational mechanisms take hold in inducing a polarization. For metallic nanoclusters, the
former mechanism clearly dominates.
In the case where high intensity electric fields are applied, such as in multi-photon
absorption, a species’ polarizability ( ij) can indeed change in response to an induced
polarization. Such situations expectedly produce non-linear polarization phenomena wherein the
application of a sinusoidally oscillating electric field will lead to an asymmetrically oscillating
induced polarization within the species. In other words, the induced polarization will be stronger
in one direction and can be approximated with a Taylor series,
µi = µi
0 + ij E j + 12  ijkE jEk + ... ,
(11)
where the first term is called the permanent dipole moment and the second and nth order terms of
the expansion contribute to the non-linear optical effects and become dominant at high field
strengths. Needless to say we shall take into consideration this effect in future.
Quantum yield by definition is the number of defined events that occur per photon
absorbed by a system. Quantitatively, the efficiency of the emissive nanocluster system is
determined by relating the intensity of luminescence to the incident excitation light. In Figure
3.12 above, the average intensity of the emission turns out to be ~500 count/s at an excitation
power of 32 mW, suggesting that the luminescence quantum yield for silver nanoclusters is high.
§ IIIe. CONCLUSION
We have already demonstrated the ability to produce diameter-tunable, ultrasmall silver
nanoclusters in abundance through a facile wet-chemistry based synthesis. Absorption spectra
reveal that the clusters obey a blue shifting of surface plasmon resonance energy with decreasing
44
size, and that the presence of stabilizer molecules on the surface of the clusters accounts for
further blue shifting relative to resonances predicted by Mie theory. Optical characterization
reveals that the clusters emit light with high quantum yield due to two-photon absorption induced
luminescence. In addition to being highly photostable, the fluorophores emit polarized light and
can be expected to function perfectly well as optical probes.
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§ IVa. TRACKING SINGLE-PARTICLE DYNAMICS IN SUPERCOOLED LIQUIDS
Ultimately, the challenge in single-particle dynamics revolves around the issue of
accessing signal, in this case in the form of luminescence intensity, from a single optical probe.
Ordinarily, individual particle dynamics are obscured due to bulk averaging when treating a
system as an homogeneous ensemble38. Through observation of individual particles, one can not
only sample various dynamic heterogeneities, but can also access detailed information as to the
behavior of the local environment surrounding the optical probe. A number of sensitive optical
techniques have realized detection of single-particle/molecule orientational and positional
trajectories. Near-field scanning optical microscopy (NSOM) provides high spatial resolution
sufficient for precise 3-D orientational and topographical determination, but involves complex
apparatus, sample perturbation, and poor time resolution. Confocal polarization microscopy is
noninvasive and allows for rapid determination of the 3-D orientation of the fluorophore, but
suffers from use of lossy polarization optics. Furthermore, a technique that monitors the transient
fluorescence intensity at polarization sensitive detectors allows for the rapid detection of 3-D
orientational dynamics of Rhodamine 6G fluorophores suspended in poly(methacrylate) films39.
Within this tremendously active field, single particle measurements have been performed
on molecules of biological importance40-42 such as ATP40, and high spatial resolution of
nanoscale environments43-45 has been realized. Historically, single-particle measurements using
organic fluorescent dyes have suffered from the photobleaching and so-called “blinking”
phenomena that are related to the photochemical damage induced when exciting the fluorophore
with intense laser light. Our work deviates from this latter methodology by observing non-
invasively and in real-time the single-particle orientational dynamics of ultrasmall silver
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nanoclusters embedded in supercooled liquid. The supercooled liquid 4,4-(octahydro-4,7-
methano-5H-inden-5-yliden) bisphenol-dimethyl-ether (ODE) serves as a highly viscous medium
within which the particles are free to rotate, but on time scales capable of being reproduced by
experimental sampling. When excited by laser light, the silver nanoclusters luminesce to emit
polarized light, which is registered by two detectors sensitive to orthogonal polarizations of light.
The transient luminescence intensity registered at the two detectors is raw data from which we
might compute an orientational spectrum of the silver nanocluster over long times. In other
words, from analysis of the relative intensities of polarized light arriving at the two detectors, we
hope to extract information on the rotation of the single particle in 3-D.
§ IVb. LASER AND MICROSCOPE SETUPS
The home-built47 multi-photon fluorescence microscope is composed of a series of key
elements that shall be discussed here in brief. A Ti:sapphire laser source (Coherent Mira Basic)
produces pulses of 100 fs duration at a repetition rate of 80 MHz with a center wavelength of
approximately 790 nm. Following spatial filtering, the beam passes through a Faraday isolator
that prevents beam reflection into the laser cavity, and a polarizing beam splitter that allows for
routing of the beam to various microscopes. An acousto-optic modulator (AOM) allows for
control of the energy of the light incident on the sample. The laser output operates at TEM00 and
may be selectively polarized, although circular polarization is favorable to enable excitation of
all orientations of molecules in the sample equally. A schematic of our home-built laser setup
can be found in Figure 4.1.
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Figure 4.1 - The multi-photon laser scanning fluorescence microscope. (SF: Spatial Filter, FI:
Faraday Isolator, PBS: Polarizing Beam Splitter with exit window, and AOM= Acousto-Optic
Modulator). Figure courtesy of Christopher Olson
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The light is passed on to a set of scanning mirrors that sweep the excitation beam across a small
sized xy-plane in the sample, to produce luminescence images of the silver nanoclusters. The
scanning mirrors also direct the beam into a Zeiss Axiovert S100 TV inverted microscope where
it is reflected by a dichroic mirror into the microscope objective. Two lenses expand and
collimate the beam to fill the back aperture of the objective (Figure 4.2).
Figure 4.2 – Once in the microscope, the beam encounters a series of optics designed to both deliver the
excitation to the sample and divert the luminescence from the sample to the detection system. Figure
courtesy of Christopher Olson
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Our Ludl xy sample scanning stage is capable of taking 0.2 µm steps in both axes of motion,
while the z-axis motion has resolution of 0.1 µm steps. Any emitted fluorescence is recollected
by the objective for transmission through the dichroic mirror and passage into the detection
system (Figure 4.3). This system splits the fluorescence into two constituent polarizations via a
polarizing beam splitter cube, and along each fluorescence beam path an objective focuses the
fluorescence onto the active area of an avalanche photodiode (APD). The photodiodes count
single photons incident upon the active area and have high quantum efficiencies.
Figure 4.3 – Within the detection system, collected fluorescence is directed to a polarizing
beamsplitting cube (PBSC) where the light is split into two orthogonal polarizations before
becoming focused onto the avalanche photodiode arrays. Figure courtesy of Christopher Olson
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§ IVc. A BRIEF WORD ON SUPERCOOLED LIQUIDS
Generally speaking, a bulk substance is a supercooled liquid when it remains amorphous
upon cooling to a temperature below its melting point47,48. Not fully crystallized, the supercooled
liquid assumes a high viscosity of the order of 1013 Poise, which endows the substance with a
quasi-solid/liquid behavior. While ordinarily the crystallization of a pure substance occurs at its
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melting point, one must consider not only thermodynamic but also kinetic processes that drive a
substance’s transition from the liquid to solid state. For supercooled liquids, the drive to achieve
a thermodynamically more stable crystalline state, wherein intermolecular forces between
molecules lower the energy of the system, is balanced by the kinetically retarded rate of
conversion from the liquid to the solid state. The kinetics of crystallization are so slow that the
substance is physically suspended in a supercooled state that can remain stable for hours, months
or years depending upon the substance and the environmental conditions. One such supercooled
liquid is ODE and serves as the viscous medium within which we trap and observe silver
nanocluster dynamics.
§ IVd. THE EXPERIMENT
This work culminates in the demonstration that our stabilized nanoclusters are indeed
functional optical probes that can be used in highly sensitive single particle imaging and
detection. While considerable optimization and improvement are required, we now present an
explanation of the experiment, and a discussion of data analysis and interpretation.
Luminescent silver nanocluster based single particle analysis is used towards the
determination of the bulk viscosity parameter for ODE at three different temperatures, below, at,
and above the glass transition temperature. By probing the dynamics of the silver nanocluster at
these three temperatures, we infer the relative viscous nature of the containing environment. In
other words, at temperatures close to the glass transition Tg, the physics of the supercooled liquid
changes so subtley that only through sensitive optical probing of a silver nanocluster embedded
within this environment can we glean an understanding of the environmental transitions that
ensue.
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Following extraction into the aqueous phase as before, stabilized 1 nm silver nanoclusters
are introduced into ODE as follows. A small sample of ODE crystals is placed upon a cleaned
glass coverslip to make a shallow well. As ODE is insoluble in water, one to two drops of the
silver nanocluster solution above is pipetted into the shallow well of ODE. Once the sample is
placed inside an oven, the ODE melts (Tm = 120˚C, Tg = 12˚C) with uniform dispersion of the
silver nanoclusters into the supercooled liquid medium upon cooling. The coverslip is placed
onto a microscope slide and positioned on the xy stage inside the fluorescence microscope.
Using a 40X oil-immersion objective, a scan rate of 150 kHz, a scan time of 12 s, an image size
of 256x256, and a laser power of 3.0 mW, we perform continuous line scans within the
Scanfas6.exe scanning and acquisition software. The results, shown in Figure 4.4 are line scans
of luminescent silver nanoclusters as acquired by the detectors sensitive to orthogonal
polarizations of light.
(a)  (b)
Figure 4.4 – Line scans of silver nanocluster luminescence as collected by detectors (a, b) sensitive to
orthogonal polarizations of light. The third line from the left in both images corresponds to the nanocluster
under consideration at 35˚C. The y-axis corresponds to a 12 s increment, and the x-axis corresponds to a
real distance across of 25 µm.
Using these conditions, line scan data were obtained over 45 min at 15˚C, 25˚C, and 35˚C. For
below room temperature sample cooling, a chilled-water cooled copper block was placed on the
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microscope slide sample and the temperature carefully maintained at 15˚C. For heating, an
electric objective heater was used along with a sensitive temperature probe. Once the mass of
line scan data has been acquired, the computer program in Appendix 1 is used to extract the total
luminescence signal from a single nanocluster’s line scan over the full 45 min experiment. The
program sums intensity counts over a narrow range of column pixels (the width of a single
discernible line) for every row, or time point. This procedure is completed for both detectors at
the three different temperatures. The result is an intensity spectrum that a single detector
registers for a single silver nanocluster over time.
In order to obtain reorientational time series for the nanoclusters, we perform a
straightforward mathematical manipulation to convert our transient intensity counts at both
detectors into an in-plane angular rotation as a function of time. This is achieved using the
following expression,
(t) = 1802 acos( (t)) ,
(12)
where (t) is called the reduced linear dichroism and is the ratio of the difference to the sum of
the intensity signal registered by the two detectors. It is important to now recall Section IIId as
we perform a correction to (t) that takes into account the fact that the silver nanocluster does not
behave as an ideal emissive dipole. In fact, it behaves as a degenerate dipole and now has a
corrected reduced linear dichroism of 1.39*(t). This correction also adjusts for the high
refractive index of n=1.59 for ODE. Finally, it is important to note that we uniformly observe
higher counts in one detector over the other, which suggests a polarization bias. This should not
be overly striking given that we have predicted in Section IIId that under multiphoton absorption
the induced polarization suffers asymmetries due to non-linear phenomena that begin to appear
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under high electric field conditions. We address this problem by normalization of the intensity
counts such that the equilibrium in-plane rotational angle is 45˚.
The following analysis attempts to reconcile experiment with theory and to suggest
explanations for any unexpected results. Figure 4.5 presents three emission dichroism spectra for
silver nanoclusters suspended in ODE at 15 ˚C, 25 ˚C, and 35 ˚C. By qualitative assessment, one
could conclude that the silver nanocluster samples greater angular extrema and exhibits more
dynamic oscillations at higher temperatures. This would be of little surprise given that the
supercooled liquid is less viscous at higher temperatures and therefore less capable of
constraining the freely rotating silver nanocluster.
 (a)  (b)
(c)
Figure 4.5 – Emission dichroism spectra of 1 nm stabilized silver nanoclusters taken at sample
temperatures of 35˚C (a), 25˚C (b), and 15˚C (c).
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However, despite observing what seem like distinct changes in observable dynamics as a
function of sample temperature, one cannot immediately conclude that we are probing
heterogeneous dynamics. One could say that the above time spectra reveal that the nanocluster
samples a variety of dynamic states, at times oscillating quickly, at others, slowly, but there are
certain problems. If the nanoclusters were truly reorienting within the ODE, one should observe
a reorientational trajectory that shows the cluster sampling a broad distribution of angles over
long periods of time. As such, we see only occasional broad angular sweeps at high
temperatures, and at low temperatures we see virtually no significant angular displacement, when
the situation should still call for the nanocluster to rotate, but at substantially lower rates. Also,
we currently limit our probing time to 45 min, which may need to be extended to ensure
adequate sampling of the nanocluster dynamics. Aside from the possible complication that
localized heating of the ODE may be causing, there remains the fascinating question of whether
we are sampling light emitted homogeneously from a rotating cluster, or light emitted from
localized regions undergoing some photochemical event on a largely stationary cluster. Answers
to these questions are currently being researched as they hold the key to improving our technique
for single-particle spectroscopy.
 Besides obtaining a qualitative grasp on the dynamics of the nanoclusters, we seek to
quantitatively describe how the bulk ODE viscosity changes with temperature. While such data
are easily obtainable, it would be very useful to confirm such results exclusively through analysis
of the rotational diffusion of the silver nanocluster within the ODE at various temperatures. This
would serve as an excellent check for the validity and effectiveness of our approach to single
particle detection.
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A more quantitatively useful approach involves fitting the autocorrelation function of the
reduced dichroism, (t), to a stretched exponential to extract a correlation time that scales with
the bulk ODE viscosity. The rotational correlation function has the form.
C(t) =
 (  t ) (  t + t)
 t = 0
T

 (  t ) (  t )
 t = 0
T
  .
(13)
The program in Appendix 2, facilitates rapid calculation of the rotational correlation function
from a raw reorientational trajectory such as that presented in Figure 4.6. Subsequent to this, the
correlation data are fit to a stretched exponential which has the form
KWW (t) = exp  t
KWW
 
 
 
 
 
	 
KWW
 ,
(14)
where KWW is the parameter proportional to the correlation time C, and KWW describes the
breadth of the distribution of time scales in the correlation function. We will not describe in
detail how the correlation time is determined from KWW, venturing only to say that C  KWW.
We direct the reader’s attention to Ref. 39 (pp. 258) for more detail.
By observing the transition dipole moment of the emitting silver nanocluster we
intrinsically monitor in real-time the rotational diffusion of the optical probe and relate this to the
viscosity of the confining medium. The stretched exponential is the most useful function to
which one can fit data for dynamic relaxation properties in supercooled liquids, because
extraction of the correlation time is quite facile. It was previously stated that the correlation time
scales with the viscosity of the ODE. If the viscosity of the ODE is low, as it is at elevated
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temperatures, then one can expect the silver particle to rotate more freely and to sample a more
diverse number of dynamic time scales. In this situation, the rotational correlation time can be
expected to be short, while the breadth of the distribution of sampled time scales, the KWW
parameter, can be expected to be larger than at lower temperatures. We shall now see whether
these predictions hold true.
A rotational correlation function of the reduced dichroism for a silver nanocluster
undergoing rotational diffusion in ODE at 35˚C is shown in Figure 4.6. We proceed directly to fit
data for the three temperatures to a stretched exponential through linearization. We take the
natural log of the autocorrelation data for all temperatures and plot them on log-log axes. As
expected, the results can now be treated as linear equations where log[ ln(c(t)) ] = log(t) -
log(KWW) or y = mx – b. The results are shown in Figure 4.7.
Figure 4.6 – Rotational autocorrelation function for a silver nanocluster undergoing dynamics at 35˚C.
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Figure 4.7 – Linearized autocorrelation data from which obtain  and KWW because we have the
form log[ ln(c(t)) ] = log(t) - log(KWW).
A glance at Table 4.1 suggests that experiment reproduces the expected effect of
viscosity scaling with correlation time. We observe that the correlation time, which is
proportional to KWW, decreases with increasing temperature, or decreasing viscosity  as
expected for a nanocluster that is less restricted in the supercooled liquid at higher temperatures.
In addition to C   , we observe that the distribution of sampled dynamic time scales  is
higher at higher temperatures, as expected again for a nanocluster that enjoys greater rotational
freedom. From 15 ˚C to 35 ˚C we witness a three orders of magnitude decrease in the viscosity
of the ODE.
15 ˚C 25 ˚C 35 ˚C
 0.153 0.333 0.528
KWW (s) 7.40 3.72x10
-2 7.29x10-3
Table 4.1 –  and KWW parameters obtained from fitting rotational correlation functions to the stretched
exponential.
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Again, while the results point to promising conclusions, there are some problems. A
glance at Figure 4.7 reveals that the correlation function is taken over a short time scale relative
to the full time scale of the experiment. This is simply a consequence of the fact that the
correlation function is only well behaved (i.e. exhibits some meaningful decay trend) over short
time intervals. This suggests that many time scales are sampled in a short interval thus making
correlation highly unlikely. We again observe that the source of the problem lies in the
uncertainty related to whether the nanocluster is truly undergoing reorientation, or if there are
some local surface phenomena to blame for the emission dichroism. Therefore, it would be
advantageous to take long time experiments to ensure that any long range rotational dynamics
are expressed. Naturally, when sampling heterogeneous dynamics, one is expected to observe a
variety of dynamic time scales that are often quite separable and may result from different
dynamic modes. It would also be useful to explore the nature of the oscillating dipolar silver
nanocluster to determine if any corrections need be made to the polarized luminescence it emits.
Before concluding, we also offer evidence to show that the silver nanoclusters can reveal
translational diffusion dynamics. Figure 4.8 shows a real-time line scan of a single silver
nanocluster that reveals a wave-like translation in the x-axis direction.
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Figure 4.8 – Evidence for translational diffusion of a silver nanocluster in ODE at 35˚C. The x-axis
corresponds to a real distance of 25 µm.
Since the x-axis corresponds to a 25 µm real distance, it can be inferred that the particle has
translated by approximately 300 nm relative to its equilibrium position, suggesting a bulk
displacement of the ODE considering this length scale. Furthermore, it is worth mention that this
effect occurs only at the highest temperature of 35 ˚C, which is again reasonable to expect given
the reduced viscosity of the caging medium.
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§ IVe. CONCLUSION AND FUTURE WORK
We have presented work that encompasses a broad range of theory and experiment.
Beginning with a methodology for the preparation of small and stable metallic nanoclusters, and
continuing to a prediction and understanding of the clusters’ optical characteristics under multi-
photon absorption, we finally utilize these nanoclusters as luminescent optical probes in single-
particle dynamics. We confirm that they offer stable and long-lived luminescence, and they can
indeed be used to sensitively, non-invasively, and rapidly probe nanoscale particle and
environmental dynamics. Before full application of our technique to single-particle study, we
must distinguish polarized light emission due to reorientation, from luminescence due to surface
or chemical phenomena on otherwise stationary nanoclusters. In the future, we envision
attaching these nanoclusters to biologically active molecules and dendrimers to extend ultimately
this single-particle technique to the observation of single-molecule dynamics. To that end, we
hope that this work establishes the basis for future research in our laboratory.
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§ APPENDIX (All programs are available in electronic format from the author upon request)
Program (1):
// Handles Row-Column Summations on space delimited and headered textual image files DIRECTLY from Imobj
// Thomas J. Kempa
import java.io.*;
public class RCNew {
  public static void main(String args[]) {
    String rowinput = null;
    int numTabs = 0, cursor = 0, sum = 0, skip = 0;
    int ithTab = Integer.parseInt(args[2]);
    int jthTab = Integer.parseInt(args[3]);
    int iter = Integer.parseInt(args[4]);
    int itermax = Integer.parseInt(args[5]);
    int delay = 0, spacecount = 0;
    try {
      File dir = new File(args[0]);
      String[] files = dir.list();
      FileOutputStream fout = new FileOutputStream(args[1]);
      OutputStreamWriter out = new OutputStreamWriter(fout, "UTF-8");
while(iter != itermax+1) {
        System.out.print(iter+".DAT" +"\t");
        FileInputStream fin = new FileInputStream(args[0] + iter+".DAT");
          BufferedReader in = new BufferedReader(new InputStreamReader(fin));
        while( ((rowinput = in.readLine()) != null) ) {
  delay++;
                  if(delay >= 3) {
      
             for(int i = 0; i < rowinput.length(); i++) {
     
                 if( (rowinput.charAt(i) == ' ') ) {
     
           spacecount++;
      if( spacecount == 7 ) {
     numTabs++;
      cursor = i+1;
      spacecount = 0;
    if( (cursor < rowinput.length()) ) {
  
          if( (numTabs >= ithTab) && (numTabs <= jthTab) ) {
sum += Integer.parseInt( rowinput.substring(cursor, rowinput.indexOf(".", cursor)) );
         }
   }
         }
               }
           }
              out.write(sum+"\n");
                  }
        sum = 0; numTabs = 0;
               }
         in.close();
             delay = 0;   
         iter++;
}
    
      out.close();
      } catch (IOException e) {System.err.println(e);}     }   }
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Program (2):
// Calculates an auto-correlation function for a nanocluster reorientational trace
// Thomas J. Kempa
import java.io.*;
public class AutoCorrel {
  public static void main(String args[]) {
int sign=-1, count=0, tau, numPoints=Integer.parseInt(args[0]);
double num[] = new double[numPoints];
double c[] = new double[50000];
double numer=0, denom=0;
    
String rowinput=null;
    try {
    FileOutputStream fout = new FileOutputStream(args[2]);
        OutputStreamWriter out = new OutputStreamWriter(fout, "UTF-8");
    FileInputStream fin = new FileInputStream(args[1]);
      BufferedReader in = new BufferedReader(new InputStreamReader(fin));
       
            while( ((rowinput = in.readLine()) != null) && (count != numPoints) ) {
              if(rowinput.charAt(0) == '-') {
        
        if(1 == rowinput.length()-1)   {num[count] = sign*(Double.parseDouble(String.valueOf(rowinput.charAt(1))));
        
        } else { num[count] = sign*(Double.parseDouble( rowinput.substring(1, rowinput.length()-1) )); }
      }
               else {
         
         if(0 == rowinput.length()-1) { num[count] = Double.parseDouble(String.valueOf(rowinput.charAt(0)));
         
         } else { num[count] = Double.parseDouble( rowinput.substring(0, rowinput.length()-1) ); }
               }
      count++;
   }
         in.close();
      for(tau=1; tau < numPoints; tau++) {
      for(int i=1; i < numPoints; i++) {
 
      if( (i+tau) < numPoints) {
      numer += (num[i]*num[i+tau]);
      denom += (num[i]*num[i]);
      }
      }
// c[tau] = (double)(numPoints/(numPoints-tau))*(numer/denom);    **CORRECTION TERM INCLUDED**
c[tau] = (numer/denom);
          
      numer=0;
      denom=0;
      }
           
      for(int i=0; i < numPoints; i++) {  
      out.write(c[i]+"\n");
      }
      
      out.close();
    } catch (IOException e) {System.err.println(e);}
      catch (NumberFormatException e) {System.err.println(e + " " + count);}
   }
}
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Program (3):
// Calculates the Fourier Transform of a data set
// Thomas J. Kempa
import java.io.*;
public class FT {
  public static void main(String args[]) {
    int sign=-1, count=0, numPoints=Integer.parseInt(args[0]);
    double sec=0.00, omega=0.01;
    double num[] = new double[numPoints];
    double c[] = new double[500000];
    double numer=0.0;
    String rowinput=null;
    try {
      FileOutputStream fout = new FileOutputStream(args[2]);
      OutputStreamWriter out = new OutputStreamWriter(fout, "UTF-8");
      FileInputStream fin = new FileInputStream(args[1]);
      BufferedReader in = new BufferedReader(new InputStreamReader(fin));
       
        while( ((rowinput = in.readLine()) != null) && (count != numPoints) ) {
        if(rowinput.charAt(0) == '-') {
        
        if(1 == rowinput.length()-1) { num[count] = sign*(Double.parseDouble(String.valueOf(rowinput.charAt(1))));
        
        } else { num[count] = sign*(Double.parseDouble( rowinput.substring(1, rowinput.length()-1) )); }
         }
         else {
         
         if(0 == rowinput.length()-1) { num[count] = Double.parseDouble(String.valueOf(rowinput.charAt(0)));
         
         } else { num[count] = Double.parseDouble( rowinput.substring(0, rowinput.length()-1) ); }
         }
count++;
        }
      
      in.close();
      for(int tau=0; tau < 20000; tau++) {
      
     omega += 0.0005;
           for(int i=0; i < numPoints; i++) {
      
           sec += 0.08;
   numer += (num[i])*((Math.cos(omega*sec)));
        }
      
     c[tau] = numer;
               out.write(omega +"\t"+ c[tau]+"\n");
          
     sec=0.00;
           numer=0;
       }
      
      out.close();
    } catch (IOException e) {System.err.println(e);}
    catch (NumberFormatException e) {System.err.println(e + " " + count);}
  }
}
